reduced nicotinamide adenine dinucleotide phosphate (nAdPh) is essential for biosynthetic reactions and antioxidant functions; however, detection of nAdPh metabolism in living cells remains technically challenging. We develop and characterize ratiometric, ph-resistant, genetically encoded fluorescent indicators for nAdPh (inap sensors) with various affinities and wide dynamic range. inap sensors enabled quantification of cytosolic and mitochondrial nAdPh pools that are controlled by cytosolic nAd + kinase levels and revealed cellular nAdPh dynamics under oxidative stress depending on glucose availability. We found that mammalian cells have a strong tendency to maintain physiological nAdPh homeostasis, which is regulated by glucose-6-phosphate dehydrogenase and AmP kinase. moreover, using the inap sensors we monitor nAdPh fluctuations during the activation of macrophage cells or wound response in vivo. these data demonstrate that the inap sensors will be valuable tools for monitoring nAdPh dynamics in live cells and gaining new insights into cell metabolism.
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NADPH is a ubiquitous cofactor in all living organisms that supports reducing capacity, macromolecular biosynthesis, superoxide and nitric oxide production and detoxification of drugs and xenobiotics [1] [2] [3] [4] [5] . Perturbed NADPH metabolism leads to impaired cell function, increasing the risk of disease-associated pathologies such as inflammation, aging, cancer, diabetes mellitus and neurodegeneration 2, [5] [6] [7] . Most of the enzymes involved in NADPH regeneration and consumption are highly compartmentalized; thus, spatiotemporal tracking of NADPH metabolism in living cells is crucial for understanding the role of this cofactor in cell biology.
Existing methods for NADPH measurement, such as chromatography, mass spectrometry and enzymatic cycling assays are invasive and may allow sample oxidation during processing.
Genetically encoded fluorescent sensors reveal dynamic regulation of nAdPh metabolism
Rongkun Tao Fluorescence lifetime imaging can distinguish NADPH and NADH fluorescence in live cells 8 ; however, it requires technically specialized instrumentation and analysis, which may not be readily accessible. Genetically encoded fluorescent sensors capable of live cell monitoring were developed for pyridine nucleotides such as NADH [9] [10] [11] [12] , NAD + (ref. 13 ) and NADP + (ref. 14) . Among them, SoNar is a highly responsive sensor for the NADH/NAD + ratio, with properties useful for live cell and in vivo studies 10, 15, 16 . We designed the iNap NADPH sensors by engineering SoNar's binding site to switch ligand selectivity from NADH to NADPH.
results

structure-guided engineering of nAdPh sensors
SoNar is a chimera of circularly permuted YFP (cpYFP) and the NAD(H) binding domain of Rex from Thermus aquaticus (T-Rex) 10 (Fig. 1a) . We collected sets of NAD(H)-binding and NADP(H)-binding proteins from the Protein Data Bank (Supplementary Table 1 ) and compared their binding pockets using Comparison of Protein Active Site Structures (CPASS) 17 . In NADP(H)-binding proteins, positively charged residues are enriched close to the binding pockets of 2′-phosphate in NADP(H) (Supplementary Fig. 1a ), favoring electrostatic interactions. By contrast, negatively charged residues are enriched in the same location of NAD(H)-binding proteins. A structural comparison of T-Rex and an NADP(H) binder 18 showed that the 2′-phosphate group of NADP(H) would sterically clash with the protein loop in T-Rex, which has limited conformational flexibility owing to Pro115 (Fig. 1a and Supplementary Fig. 1b ). Furthermore, NADP(H)-binding proteins tend to contain a larger portion of polar residues in their adenine-binding pocket ( Supplementary Fig. 1c and Supplementary Table 2 ). To switch T-Rex from a NADH binder into a NADPH binder, we therefore designed mutations that switched the charges, reduced the rigidity of the loop around the 2′-hydroxyl functionality of the ligand and/or increased the polarity of the adenine binding pocket (Supplementary Table 3 ).
In vitro characterization of inap sensors
We tested mutants of SoNar with combinations of the designed point mutations, which were all fluorescent when expressed in Escherichia coli and strongly responded to NADPH but not other adenine dinucleotides (Fig. 1b and Supplementary Fig. 2a ). These NADPH reporters had various affinities, with apparent dissociation constants (K d ) ranging from ~1.3 µM to ~29 µM, as measured by the ratio of fluorescence excited at 420 nm and 485 nm (R 420/485 ) (Supplementary Table 3 ). Considering the maximum fluorescence ratio change, affinity and expression level, we chose mutants with apparent K d values of ~2.0 µM, ~6.0 µM, ~25 µM and ~120 µM for further characterization and numbered these NADPH sensors iNap1-iNap4 (Supplementary Table 3 and Supplementary Fig. 2b ).
iNap1 has two excitation peaks around 420 nm and 500 nm and one emission peak near 515 nm ( Fig. 1c and Supplementary  Fig. 2c,d) . Upon NADPH binding, iNap1 showed a 3.5-fold increase and 2.5-fold decrease in fluorescence excited at 420 nm and 485 nm, respectively (Fig. 1d) , leading to a 900% ratiometric fluorescence change that was essentially unaffected by temperature fluctuations between 20 °C and 42 °C (Fig. 1e and Supplementary  Fig. 2e ). iNap1 has high selectivity toward NADPH, showing no apparent fluorescence changes toward related nucleotides ( and Supplementary Fig. 2f-h ). iNap1 fluorescence excited at 420 nm, which represents the pronated chromophore 19 , is insensitive to pH (Fig. 1f) . Fusion of iNap1 and the red fluorescent protein mCherry allows ratiometric and pH-resistant measurement (Supplementary Fig. 3a ). iNap1 fluorescence excited at 485 nm depends on pH; however, its K d is resistant to pH changes ( Supplementary Fig. 3b-e) . We created a control iNap sensor, iNapc, by introducing four mutations in T-Rex, which completely abolished ligand binding (Supplementary Table 3 ). iNapc and iNap1, either in the absence or in the presence of NADPH, displayed similar sensitivities to pH. When modest pH fluctuations occurred, the pH effects on iNap1 fluorescence excited at 485 nm could be accounted for by normalizing to iNapc ( Supplementary  Fig. 3f-h ). The fluorescence of iNap1 responded rapidly to sequential addition of NADPH and redox cycling agents 10 ( Fig. 1g) , supporting its use in real-time measurements. Fluorescence properties and responses of other iNaps are very similar, if not identical, to that of iNap1, but they have different affinities (Fig. 1h) . These observations suggest that the few mutations the iNaps carry, which are distantly located from the cpYFP domain, affect mainly the selective binding of the adenine moiety of NAD(P)H but not the fluorescence response per se. Taken together, iNap sensors manifest excellent sensitivity and selectivity and a large dynamic range. subcellular distribution and regulation of nAdPh iNap1 showed intense uniform fluorescence when stably expressed in HeLa cells ( Fig. 2a and Supplementary Fig. 4a-c) . The images of fluorescence ratio (R 407/482 ) showed no marked differences between cells (Supplementary Fig. 4d-f ) or between cytosolic and nuclear signals (Fig. 2a) , suggesting that these cells had similar NADPH levels and that NADPH was readily exchangeable between the cytoplasm and nucleus. iNap sensors can be selectively targeted to the mitochondrial matrix using a targeting sequence (Fig. 2b) . NADPH concentration in the cytosol was 3.1 ± 0.3 µM using iNap1 and ~37 ± 2 µM in the mitochondrial matrix using iNap3 (Fig. 2c,d ), according to their apparent occupancies ( Supplementary Fig. 5a,b) . Human cells have two compartment-specific NADKs: cytosolic NADK and mitochondrial NADK2, which catalyzed the synthesis of NADP + (refs. 5,22) . Overexpression or knockdown of NADK resulted in a ~5-fold increase and ~6-fold decrease in cytosolic NADPH, respectively (Fig. 2a,c and Supplementary Fig. 5c,d) . Notably, mitochondrial NADPH was also markedly affected by cytosolic NADK levels, as shown by iNap3 fluorescence (Fig. 2b,d and Supplementary Fig. 5b ), the pH-insensitive measurement by mCherry-iNap3 and the data from enzymatic cycling assays ( Supplementary Fig. 5e-h ). These data demonstrate the key role of NADK for the maintenance of both cytosolic and mitochondrial pool of NADPH.
To measure NADPH and NADH levels in HeLa cells simultaneously, we expressed iNap1 in the cytosol, using a nucleusexcluded signal peptide, and SoNar in the nucleus, using a nuclear localization signal (Fig. 2e) . In cells treated with the lactate dehydrogenase (LDH) inhibitor oxamate to decrease the cytosolic NAD + /NADH ratio 10 , we observed a marked change in SoNar fluorescence but not that of iNap1 or iNapc (Fig. 2e) . In cells treated with a glycolysis inhibitor, 2-deoxyglucose (2-DG), we observed a marked change in the fluorescence of the ATP/ADP ratio biosensor PercevalHR, which was consistent with a previous study 23 , but not in the fluorescence of iNap1 (Supplementary Fig. 5i ). These data suggest that iNap specifically reports NADPH levels in living cells without interference from other relevant adenine nucleotides. In resting HeLa cells, knockdown of the rate-limiting enzyme glucose-6-phosphate dehydrogenase (G6PD) of the pentose phosphate pathway (PPP), which is the main contributor of cytosolic NADPH regeneration, slightly decreased cytosolic NADPH levels, whereas knockdown of 6-phosphogluconate dehydrogenase (PGD) in the same pathway showed little effect ( Supplementary Fig. 5j,k) .
We next studied NADPH levels in macrophages by flow cytometry. As illustrated by both the decrease and the wider distribution of the iNap1 fluorescence ratio (R 405/488 ), lipopolysaccharide (LPS) and interferon-γ (IFN-γ) treatment induced a nonhomogeneous decrease of NADPH level in RAW264.7 mouse macrophages ( Fig. 2f and Supplementary Fig. 5l ). The R 405/488 of iNapc increased slightly in activated RAW264.7 macrophages compared to resting cells, which may be explained by the acidification of the cells (Fig. 2g and Supplementary Fig. 5l ). We obtained similar results when we measured iNap1 or iNapc fluorescence by a microplate reader (Supplementary Fig. 5m ). These results are consistent with previous reports that macrophages synthesize nitric oxide and consume NADPH upon activation 24 and suggest that the iNap sensor may be useful for differentiating between activated and resting macrophages.
nAdPh dynamics in glucose-deprived and oxidative cells NADPH provides the reducing power for both the glutathione and thioredoxin systems to combat oxidative stress. In glucosestarved HeLa cells, cellular glucose and NADH levels decreased, Fig. 6a ). When these cells were challenged with diamide, a general oxidant, the R 407/482 of iNap1 fluorescence decreased immediately and then gradually recovered (Fig. 3a-c) . Such a recovery may reflect enhanced NADPH production under oxidative stress, as G6PD is allosterically stimulated by elevated levels of NADP + resulting from oxidation of NADPH 27, 28 . The ratio of roGFP1 fluorescence increased and recovered more slowly than that of iNap1 under low diamide concentrations ( Fig. 3a-d) , implying that fluctuation of cytosolic NADPH occurred before that of thiol redox state. Repeated addition of diamide led to similar fluorescence changes in iNap1-expressing or roGFP1-positive cells, confirming the reversibility and sensitivity of these sensors in living cells (Fig. 3e) . Minimal changes in fluorescence were observed in control iNapc-expressing cells with diamide treatment (Fig. 3a,b) , thus excluding the possibility of interference of fluorescence emission due to pH variations or redox state of the cpYFP domain. Similar results were also seen in H 2 O 2 -treated HeLa cells (Supplementary Fig. 6b ). Dynamic changes of NADPH level upon diamide treatment were inhibited by the glutathione reductase and thioredoxin reductase inhibitor, carmustine (BCNU), which blocked these NADPH-consuming and thiol regeneration pathways (Supplementary Fig. 6c) . Furthermore, the recovery of NADPH and thiol oxidation in diamide-treated HeLa cells was almost completely inhibited by the knockdown of G6PD or treatment with DHEA, a pharmacologic G6PD inhibitor (Fig. 3f,g and Supplementary Fig. 6d ). Fig. 6e ). These data suggest that NADPH recovery under oxidative stress is regulated mainly by G6PD in glucose-deprived cells.
Knockdown of PGD, another NADPH-generating enzyme in the PPP, showed no apparent difference from control (Supplementary
nAdPh dynamics in glucose-fed and oxidative cells
In glucose-fed cells, addition of diamide or H 2 O 2 dose-dependently and mildly decreased the ratio of iNap1 fluorescence (Fig. 4a,b and Supplementary Fig. 7a,b) . In contrast, roGFP1 responses to diamide or H 2 O 2 were similar for glucose-fed cells and glucosestarved cells ( Fig. 4c and Supplementary Fig. 7b ), suggesting that an efficient antioxidative stress response was induced independently of glucose levels. BCNU only partially reversed the diamide-induced decrease of cytosolic NADPH in glucose-fed cells (Supplementary Fig. 7c ). The iNap1 response to diamide was strictly dependent on glucose but was independent of other metabolites added to the medium, such as glutamine and pyruvate ( Fig. 4d and  Supplementary Fig. 7d ). The glucose concentrations for halfmaximal iNap1 and SoNar fluorescence response were ~0.16 mM and ~0.5 mM, respectively, in HeLa cells (Supplementary Fig. 7e) , suggesting different glucose sensitivities of the PPP and glycolysis. In the presence of glucose, NADPH levels largely recovered after the initial decrease under oxidative stress in DHEA-treated cells but not in G6PD-knockdown cells (Fig. 4e,f) .
AmPK regulates nAdPh homeostasis under oxidative stress
The AMP kinase (AMPK) system is activated by energy stress and oxidative stress 29 and helps to maintain NADPH homeostasis by decreasing NADPH consumption in reductive synthesis. AMPK activation, as indicated by phosphorylation of AMPK (pAMPK) and of acetyl-CoA carboxylase (pACC), was moderate in glucose-deprived cells and rare in glucose-fed cells with or without G6PD knockdown, but it was abundant in glucosefed cells treated with DHEA (Fig. 5a) . In HeLa cells, the AMPK kinase LKB1 is deficient 30 ; thus, AMPK activation is mediated mainly by Ca 2+ /calmodulin-dependent protein kinase kinase 29 . We therefore treated glucose-fed HeLa cells with the Ca 2+ ionophore ionomycin to increase AMPK activity 30 or with dorsomorphin to block AMPK activity (Fig. 5b) . Diamide-induced NADPH oxidation and cell death were significantly attenuated by ionomycin (Fig. 5c,d and Supplementary Fig. 8a ), but partially enhanced by dorsomorphin (Fig. 5c,d and Supplementary Fig. 8a ). The protective effect of ionomycin on diamide-induced cell injury was significantly weakened by dorsomorphin (Fig. 5d) , consistent with the results of parallel western blot analysis of pAMPK and pACC (Fig. 5b) . These data highlight that Ca 2+ -mediated AMPK activation in HeLa cells is a pro-survival response under oxidative stress that acts via NADPH maintenance.
Notably, DHEA-treated cells are much more resistant to oxidative stress than G6PD-knockdown cells, suggesting that it may have roles independent of G6PD inhibition (Fig. 5e) . Further studies showed that the effects of DHEA on NADPH recovery and cell viability under oxidative stress were suppressed by AMPK inhibition (Fig. 5b,e,f) . These data suggested that DHEA has dual biological functions: AMPK activation and G6PD inhibition, with opposing effects on cell survival. DHEA enhanced cell viability under oxidative stress in glucose-fed cells (Fig. 5e) , suggesting that its negative effect on G6PD inhibition and NADPH regeneration is offset by the activation of AMPK.
Using the Ca 2+ probe Fluo-4 AM and the PercevalHR sensor, we found that DHEA treatment in glucose-fed cells caused a robust increase of cytosolic Ca 2+ (Fig. 5g) and ADP/ATP ratio ( Fig. 5h) , both of which activate the AMPK pathway 29, 31 . G6PD knockdown also increased the cellular ADP/ATP ratio but did not affect cytosolic Ca 2+ (Fig. 5g,h ), consistent with the low level of AMPK activation in these cells (Fig. 5a) . In glucose-starved cells, inhibition of AMPK only mildly delayed the recovery of NADPH levels under oxidative stress (Supplementary Fig. 8b ). In Figure  5i -l, we summarize PPP-and AMPK-regulated cytosolic NADPH flux in glucose-fed cells under oxidative stress under different conditions. A working model for AMPK activation and NADPH level regulation in glucose-starved cells under oxidative stress is shown in Supplementary Figure 8c .
Visualization of nAdPh dynamics in zebrafish tissue
To visualize NADPH dynamics in vivo, we microinjected mRNAs of iNap1 and HyPerRed 32 , a red H 2 O 2 sensor, into the one-cell-stage zebrafish zygote (Fig. 6a) . Both sensors expressed well, and their fluorescence was visible in zebrafish larvae at 2 d after fertilization. Upon local injury of the tail fin, a marked decrease in NADPH level occurred within 25 min at the wound margin, as showed by iNap1's fluorescence (Fig. 6b) . The signal of HyPerRed also increased, which colocalized well with the site where NADPH level drops (Fig. 6b) . No obvious change in fluorescence was observed in iNapc-expressing zebrafish larvae in parallel experiments under the same conditions (Supplementary Fig. 9 ). The decrease of NADPH level and increase of H 2 O 2 level were blocked by diphenyleneiodonium (DPI), a NADPH oxidase inhibitor (Fig. 6b) . In zebrafish, wounding induces rapid production of H 2 O 2 through the catalysis of dual oxidase at the expense of NADPH consumption 33 . Our results agree well with previous reports and demonstrate that the iNap sensor can be used to measure NADPH dynamics in vivo.
discussion
For reference, a diagram that explains the central nodes for cellular NADPH metabolism is shown in Supplementary Figure 10 .
Responses of iNap sensors are based on fluorescence intensity, which can be readily analyzed by fluorescent microscope, flow cytometer or microplate reader. iNap sensors have inherited most of their favorable characteristics from SoNar 10 , including intense fluorescence, rapid responsiveness, pH insensitivity, large dynamic range, targeting to subcellular organelles, ratiometric imaging and dynamic measurements in living cells and in vivo. These characteristics make them one of the most effective genetically encoded sensors currently available. The large dynamic range of iNap in live cells makes iNap useful for tracking subtle differences in cellular NADPH or NADP + redox state. The availability of iNap with various affinities further expands the utility of iNap sensors for applications in different cells and subcellular organelles. For mammalian cells, we suggest iNap1 for measurement of low-abundance cytosolic NADPH and iNap3 for measurement of higher-concentration mitochondrial NADPH. The nonbinding control sensor iNapc is useful to identify fluctuation in cellular NADPH level and to correct iNap's fluorescence when pH fluctuations occurs, although pH effects were not obvious in the other studies of cpYFP-based, pH-sensitive sensors 19, 34, 35 . pH correction can be carried out in quantitative studies involving microplate reading by measuring iNap's and iNapc's fluorescence in parallel samples. For the microscopy studies, it is possible to correct pH effects in situ by expressing iNap sensor in cytosol and iNapc in the nucleus; corrections can be made after quantification of iNap and iNapc signals for each cell on the basis of the assumption that metabolites diffuse freely between cytosol and nucleus. For quantitative imaging during pH fluctuation, iNap fluorescence can be measured with the pH-resistant 420-nm excitation only, at the expense of reduced dynamic range and nonratiometric mode. Ratiometric and pH-resistant measurement may also be achieved by fusing iNap with mCherry and measuring the green/red fluorescence ratio. An mCherry-iNap sensor would also avoid systematic errors in measuring occupancy of a ratiometric sensor 36 . Furthermore, it is possible to determine NADPH and NADP + dynamics simultaneously when iNap is used jointly with NADP + sensors 14 , which are spectrally tunable and thus can be used for multicolor imaging.
Many cancer cells are characterized by increased aerobic glycolysis and high levels of oxidative stress 1 . Solid tumors may also have a nutrient-poor, glucose-depleting microenvironment caused by impaired vasculature or rapid growth 37 . Our data showed that under glucose starvation, NADH and glucose levels in HeLa cells rapidly decreased; however, NADPH level and thiol redox state remained constant. These data suggest that cellular glucose metabolism favors the NADPH-producing PPP rather than NADH-producing glycolysis under glucose-limiting conditions, probably to maintain ideal redox and bioenergetic balance for cell survival and growth. In glucose-deprived cells treated with oxidant, NADPH decreased immediately and then gradually recovered. This recovery of NADPH level can be explained by enhancement of NADPH regeneration as a result of G6PD activation and reduction of NADPH consumption as a result of AMPK activation. G6PD is allosterically stimulated by NADP + and strongly inhibited by NADPH 27, 28 . AMPK regulates NADPH homeostasis by decreasing NADPH consumption via reductive synthesis and increasing NADPH generation by means of fatty acid oxidation in order to promote tumor cell survival during energy stress 38 . Notably, we found that the human physiological steroid hormone DHEA, a well-known G6PD inhibitor, caused a robust increase of cytosolic Ca 2+ levels, activated AMPK pathway, rerouted NADPH flux to antioxidant functions and helped to maintain NADPH homeostasis under oxidative stress. AMPK has been an attractive therapeutic target in various metabolic diseases, including type 2 diabetes, obesity, aging and cancer [39] [40] [41] [42] ; thus, we should consider the potential application of DHEA or similar compounds in these settings.
Given the comparable significance of NADPH-NADP + and NADH-NAD + couples in biologically and medically important processes, we anticipate that iNap sensors together with SoNar will improve understanding of cellular and subcellular metabolism and be embraced as a useful alternative to current methods for detecting NADPH in living cells and in vivo. methods Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. Materials. PrimeSTAR HS DNA Polymerase was purchased from TaKaRa; restriction endonucleases and T4 DNA ligase were obtained from Fermentas; and the nucleotides NADPH, NADH, NAD + , and NADP + were purchased from Roche and prepared just before use. ATP, ADP, AMP, diamide, glucose, oxamate, dehydroepiandrosterone, carmustine, dorsomorphin, malate, isocitrate, 2-deoxy-d-glucose, MTT, glucose-6-phosphate, 6-phosphogluconate, phenazine methosulfate, yeast G6PD, NAM, thiazolylblue, phenazine ethosulfate and lipopolysaccharides (LPS) were all obtained from Sigma-Aldrich. Glutamine and pyruvate were provided from Invitrogen. Digitonin and H 2 O 2 were obtained from Calbiochem (Merck, Germany), and KP372-1 was purchased from Echelon Biosciences, Inc. Recombinant murine interferon-γ (IFN-γ) was obtained from Absin. Other reagents were of analytical grade and obtained from local suppliers.
Plasmid construction. The SoNar gene was digested from the pRSET-B vector and subcloned into the pSulA-TorA vector using BamHI and HindIII. All the mutated plasmids were generated through inverse PCR by using PrimeSTAR. The pSulA-TorA plasmid harboring a mutated SulA promoter that could not be recognized by LexA 43 can be used to constitutively express the recombinant protein and partially secrete it in the periplasmic space, as used for GECO probes 44 . For the construction of mCherry-iNap1, we used a 20-aa linker, (GGSGG) 4 , to connect mCherry to the N-terminal of iNap1 sensor.
To construct a mammalian cell expression vector, the entire coding sequences of iNap1, iNap3, and iNapc were subcloned into the pcDNA3.1/hygro(+) vector. The iNap3-Mit plasmid was constructed by fusing a duplicated mitochondrial targeting sequence from cytochrome c oxidase subunit VIII at the N terminus. For nuclear and nuclear-excluded targeting, the threefold nuclear localization sequence, (DPKKKRKV) 3 , and tandem fused MAPKK signal peptide (MALQKKLEELELDEQ QRKRLEDL) 2 were inserted at the C terminus and N terminus of sensors, respectively.
The NADK cDNA, PercevalHR, and FLII 12 Pglu700µ probes were obtained from Addgene. roGFP1 was a kind gift from S.J. Remington (University of California San Diego). For construction of lentivirus vectors, NADK cDNA, roGFP1, and FLII 12 Pglu700µ were ligated into the pLVX-IRES-Puro plasmid. All shRNA were synthetized from GeneChem and ligated into the pCS2 plasmid containing the puromycin-resistant gene and the red fluorescent protein, mCherry. The sequence of all shRNAs against the target genes are as follows: NADK shRNA #1: GATGAG AGATGCCAGCCTACT, #2: GAGCGTCCTTGTCATCAAGAA, G6PD shRNA #1: CAACAGATACAAGAACGTGAA, #2: GTCG TCCTCTATGTGGAGAAT, PGD shRNA (lot: GIEL1121026471).
Protein expression and purification. E. coli MachI cells carrying the pSulA-TorA-iNap expression plasmid were grown in 100 ml LB medium containing 100 µg/ml ampicillin at 30 °C for 40 h. Bacteria were harvested by centrifugation at 4,000 r.p.m. for 20 min at 4 °C. The cell pellets were suspended in Buffer A (30 mM sodium phosphate, 500 mM sodium chloride, and 10 mM imidazole, pH 7.4), and lysed via sonication. Proteins were purified using a NTA column (GE Healthcare). After washing with two column volumes of wash buffer containing 50 mM imidazole, the proteins were eluted from the resin using Buffer B (30 mM sodium phosphate, 500 mM sodium chloride, and 300 mM imidazole, pH 7.4). The protein preparations were then desalted and exchanged into 100 mM HEPES buffer containing 100 mM KCl (pH 7.3) for in vitro characterization.
In vitro characterization of iNap1. The purified proteins were stored at −80 °C until use. Measurement of the excitation and emission spectra of recombinant fluorescent sensor proteins was carried out as previously described 9, 10 . The purified sensor protein was placed in a cuvette containing 100 mM HEPES buffer with 100 mM potassium chloride, pH 7.3. Fluorescence was measured using a Cary Eclipse spectrofluorimeter (Varian). For nucleotide titration, the protein was diluted in HEPES buffer (pH 7.3) to a final concentration of 0.2 µM. The fluorescence intensity of iNap1 in the absence of nucleotides was measured by using a filter-based Synergy 2 Multi-Mode microplate reader with 420 BP 10 nm, or 485 BP 20 nm, excitation and 528 BP 20 nm, emission band-pass filters (BioTek). The stock solution of nucleotides was also prepared in HEPES buffer (pH 7.3). Each assay was performed with 50 µl nucleotides and 50 µl protein in black 96-well flat-bottomed plate. Fluorescence intensity was read immediately after addition of nucleotide. pH correction is determined by dividing the fluorescence ratio (R 420/485 ) of iNap1 by that of iNapc.
Cell culture, transfections and generation of stable cell lines. HeLa cells (Cell Bank of Chinese Academy of Science) and HEK293T cells (Invitrogen) were grown in high-glucose DMEM (Hyclone) with 10% FBS (Gibco). All cell lines were cultured at 37 °C in a humidified atmosphere of 95% air and 5% CO 2 . All cell lines were tested for mycoplasma contamination, and experiments were conducted under mycoplasma-negative conditions. The pLVX lentiviral plasmids encoding sensors (iNap, roGFP1, FLII 12 Pglu700µ), NADK were constructed. Lentivirus was produced by co-transfecting two lentiviral packaging vectors (pMD2G and psPAX2) in HEK293T cells. Lentiviral supernatants were collected 48 and 72 h after transfection. HeLa cells in 6-well tissue culture plates were infected in media containing 4 µg/ml polybrene and centrifuged at 1,800 r.p.m. for 1 h. After infection, virus was removed, and cells were selected with 0.2-1 µg/ml puromycin for 1 week. After 1 week, the stable cells were selected by FACS Aria I (BD).
Fluorescence microscopy. For fluorescence microscopy, HeLaiNap1-, HeLa-iNap3-Mit-, HeLa-mCherry-iNap1-, HeLa-m Cherry-iNap3-Mit-, HeLa-SoNar-, HeLa-iNapc-, and HeLaroGFP1-expressing cells were plated on a 4-well glass-bottomed dish (35 mm 2 ). Images were acquired using a high-performance fluorescence microscopy system equipped with a Nikon Eclipse Ti-E automatic microscope, monochrome cooled digital camera head DS-Qi1 Mc-U2, and the highly stable Sutter Lambda XL light source. A Plan Apo 60× 1.4 NA water-immersion objective was used. The medium was changed to HBSS buffer (10 mM HEPES, 136.7 mM NaCl, 5.4 mM KCl, 0.35 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 4.2 mM NaHCO 3 , 1.26 mM CaCl 2 , 0.81 mM MgSO 4 , pH 7.4) with or without 10 mM glucose. Cells were incubated for 1 h at 37 °C in a humidified atmosphere using a CO 2 incubator (Tokai Hit) before imaging. For dual-excitation ratio imaging, 407 BP 17 nm or 482 BP 35 nm band-pass excitation filters (Semrock) and a 535 BP 40 nm emission filter altered by a Lambda 10-XL filter wheel (Shutter Instruments) were used. For pH-resistant ratiometric imaging of mCherry-iNap sensors, 407 BP 17 nm or 560 BP 40 nm, excitation filters and 535 BP 40 nm or 630 BP 60 nm, emission filters were used. Images were captured using 1,280 × 1,024 format, 12-bit depth, 2× gain. Raw data were exported to ImageJ as 12-bit TIFF files for analysis. The pixelby-pixel ratio of the 407-nm-excitation image by the 482-nmexcitation image of the same cell was used to pseudocolor the images in HSB color space. The RGB value (255, 0, 255) represents the lowest ratio, and the red value (255, 0, 0) represents the highest ratio, while the color brightness is proportional to the fluorescent signals in both channels. Images were taken on random, but cells with extraordinarily strong or low expression levels were excluded for examination.
For intracellular calcium imaging, cells were loaded with 5 µM Fluo-4 AM (Invitrogen) for 30 min, rinsed twice with HBSS buffer, and then incubated in HBSS buffer. Images were captured using a Plan Apo 20× 0.75 NA objective, 482 BP 35 nm, excitation filter, 535 BP 40 nm, emission filter, 640 × 480 format, and 12-bit depth. Raw data were exported to ImageJ as 12-bit TIFF files for analysis. Images were taken at random, but cells with extraordinarily strong or low expression levels were excluded for examination.
In vitro mRNA transcription and general fish imaging procedures. The gene of iNap1, iNapc and HyPerRed 32 (Red H 2 O 2 sensor) were subcloned into the pTol2 plasmid with SP6 promoter and a SV40 poly(A) terminator. After amplified by PCR, the mRNA was transcribed in vitro using the mMESSAGE mMA-CHINE kit (Qiagen) according to the manufacturer's manual. The DNA template was digested by addition of 2 units of DNase, followed by mRNA precipitation using lithium chloride incubation for 2 h at −20 °C.
For the co-imaging of H 2 O 2 and NADPH dynamics in zebrafish, we mixed equal parts iNap1 and HyPerRed mRNA (the final concentration of 50 ng/ml for each mRNA) and microinjected to one-cell-stage zebrafish embryos with 1 nl. The mRNA of iNapc was diluted to a final concentration of 50 ng/ml and used as a pH control. The handling procedures were approved by Institute of Neuroscience, Chinese Academy of Sciences.
The zebrafish embryos were maintained in egg water containing 0.2 mM N-phenylthiourea (PTU; Sigma) to prevent pigment formation at 28 °C for 2 d under standard laboratory conditions. Zebrafish larvae were anesthetized in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 , 0.6 mM Tricaine) and subjected to tail-fin tip amputation under stereoscopic microscope. Then the injured larvae were mounted using 1% low-melting agarose in a glass-bottomed dish. To inhibit the activity of NADPH oxidase, we incubated larvae in E3 medium containing 0.1 mM DPI (Sigma) 30 min before tail-fin tip amputation as described 33 . Fluorescence images of iNap1 or iNapc were captured using a Plan Apo 20 × 0.75 NA objective, 425 BP 30 nm or 482 BP 35 nm, excitation filters, 535 BP 40 nm, emission filter, The HyPerRed signal was obtained using 560 BP 40 nm excitation filter and 630 BP 60 nm emission filter. Images were processed as described above.
Fluorescence-activated cell sorter analysis (FACS). RAW264.7 cells were transiently transfected with iNap1 sensors using FuGENE HD transfection reagent (Promega). To activate macrophages, LPS (0.5 µg/ml) plus IFN-γ (250 U/ml) were added 24 h after transfection for 15 h. Cells were scraped and monitored using FACS. FACS was performed with CytoFLEX-S flow cytometer (Beckman Coulter). Cells were excited using laser lines at 405 nm and 488 nm. Emission filters were 525/40 for both excitation wavelengths.
Live-cell fluorescence measurement using microplate reader. Cells were counted and seeded into black 96-well flat bottomed plates with 30,000 cells per well. After 10-12 h, cells were washed, incubated in HBSS buffer, and treated with different compounds at 37 °C during the measurement. Dual-excitation ratios were obtained by a Synergy 2 Multi-Mode Microplate Reader (BioTek) with excitation filters 420 BP 10 nm, and 485 BP 20 nm, and emission filter 528 BP 20 nm (for both excitation wavelengths). Dualemission measurements were obtained with the excitation filter 420 BP 10 nm, (for both emission wavelengths), and the emission filters 485 BP 20 nm, and 528 BP 20 nm. Fluorescence values were background corrected by subtracting the intensity of the cell samples not expressing iNap or other sensors. Unless otherwise indicated, 10 mM glucose was maintained in the buffer.
Calibration of intracellular NADPH levels. Intracellular NADPH levels can be measured after calibration of iNap fluorescence in live cells with that of recombinant iNap protein as described previously 9 . For the determination of the percentage sensor occupation, we compared to the emission ratios of cells expressing sensors before and after treatment with digitonin in the presence or absence of high concentration of NADPH. For the digitonin permeabilization assay, iNap1-expressing cells were incubated in HEPES buffer (pH 7.3 for cytosol) 45 containing 100 µg/ml digitonin. iNap3-Mit-expressing cells were incubated with HEPES buffer (pH 8.0 for mitochondrial matrix) 45 containing 1 mg/ml digitonin; the fluorescence ratio corrected by iNapc of cells in the presence or absence of 0.2 mM or 0.6 mM NADPH was then measured in parallel to correct the pH effects.
